Essential oils of three species of Artemisia genus (A. absinthium L., A. campestris L. and A. herba-alba (Asso)) were analyzed by gas chromatography-mass spectrometry (GC-MS) and their potential insecticidal and repellent activities against the stored grain insect Tribolium castaneum (Herbst) was investigated. Fumigant and repellent activity bioassays were investigated in vitro. Chemical characterisation of essential oils showed that the bicyclic monoterpenes were predominant in all Artemisia essential oils, A. absinthium essential oil having the highest content of bicyclic monoterpenes, bicycloheptanes, naphthalenes and cycloalkenes. A. campestris had the highest content of sesquiterpenoids and acyclic monoterpenoids. A. herba-alba was characterised by the highest amounts of menthane monoterpenoids, oxanes, cumenes, oxolanes, ketones, benzenoids and monocyclic monoterpenes. Fumigant bioassay demonstrated that the three types of oil applied separately caused significant insect mortality. The lowest median lethal dose, LC 50 =142.8 μL/L, was observed with A. herba-alba. In repellency test, essential oil of A. absinthium was more potent with more rapid action than all other species. The mixture of Artemisia sp. essential oils showed an antagonistic effect in all the tested combinations. This study highlighted an important potential of Artemisia sp. especially A. herba-alba and A. absinthium in the control of the pests of stored products.
INTRODUCTION
Insects are considered as the major source of damage in stored grains. They often cause significant economic damage of 5 to 10 % in the temperate zone and 20 to 30 % in the tropical one (1) . In modern storage technologies, controlling insects is managed by chemical insecticides, including both fumigants and contact insecticides, which present serious threat to human health and environment, leave residues and enhance insect resistance. Besides, the high cost of the treatment requires new alternatives for insect control (2) . Fumigation is still among the most effective and widespread techniques for the control of stored product. Methyl bromide and phosphine are the two most common and widely used fumigants (3,4). In addition, carbon dioxide and sulfuryl fluoride are also used for fumigation of stored grain as alternatives to phosphine (5). However, the current fumigants are a cause for some concerns since methyl bromide has been phased out in many countries including Tunisia because it has been found to cause stratospheric ozone layer depletion (4).
Contrary to chemical pesticides, natural aromatic products are less harmful to humans and the environment. Essential oils are recognized as alternatives to chemical fumigants. They are isolated from non-woody plant material by steam or hydrodistillation. They are composed essentially of terpenoids, represented by monoterpenes (C 10 ) and sesquiterpenes (C 15 ) and a minority of aromatic phenols, oxides, ethers, alcohols, esters, aldehydes and ketones that can attribute to the aromatic profile of the plant. The chemicals in essential oil play a crucial function in plant defense against fungal and insecticidal attacks (6). Besides their use in food products as preservatives (7), antioxidants (8) and antimicrobials (9), essential oil can also be applied as repellent or insecticide for treatment of stored products (10,11). These constitute effective ecofriendly alternatives to synthetic pesticides (10). They have been considered as pesticides and they have been used since 1947. At least 24 essential oil-based pesticides are registered in the United States (12). Botanicals are considered safe to humans due to their relatively high median lethal dose (LD 50 ) values to mammals so they have an important role in natural control strategies (13) . The Artemisia genus is one of the most diversified among the Asteraceae family, which contains more than 500 species including a wide number of aromatic species (14) among which several species have an economic impact by their use in fragrance industry, medicine, food, forage, ornamentals or soil stabilizers (15) . Our study focused on Artemisia species growing in Tunisia, especially on three species. The first is Artemisia herba-alba, which is the most commercially viable crop for industrial purposes in Tunisia. It constitutes 3 % of the main essential oils destined for exportation (16). Moreover, it showed important antimicrobial and insecticidal effects (17, 18) . The second species is Artemisia absinthium, which has been revealed to have several biological activities such as antimicrobial (19) , acaricidal (20) , insecticidal (18), anthelmintic, antiseptic, antispasmodic (21) and antioxidant (19) . The third one is Artemisia campestris, showing several pharmacological activities such as antioxidant, antimicrobial and insecticidal (22) .
In various studies essential oils have been extracted to screen their insecticidal activity without studying the relationship between the chemical composition and the relative activity. Moreover, few studies focused on the interactive effect of essential oils on their insecticidal activity.
In the present study, the insecticidal and repellent activities of A. absinthium, A. campestris and A. herba-alba essential oils are investigated against Tribolium castaneum in relation to chemical composition. Furthermore, the assessment of binary combinations of the essential oils was performed to detect their interactive effects against the tested insect.
MATERIALS AND METHODS

Plant material and essential oil extraction
In this study the upper part of Artemisia absinthium, A. campestris and A. herba-alba was used. These plants were collected from the region of Boughrara, Medenine, Tunisia (33°32΄16˝N and 10°40΄34˝E) during February 2012. Fresh shoots (200 g) were subjected to steam distillation by means of Clevenger apparatus (flask capacity 1000 mL, model TF-1000ml; TEFIC BIOTECH CO., Xi'an, PR China) with 400 mL of distilled water and boiled for 4 h at 100 °C. The extracted oil was weighed and stored at 4 °C until used.
GC-MS analysis of the essential oils
The essential oils were analysed with HP 6890N gas chromatograph (GC; Agilent Technologies, Palo Alto, CA, USA) coupled with HP 5975B mass spectrometrer (MS; Agilent Technologies), equipped with a flame ionization detector and capillary column with HP-5 MS 5 % phenylmethyl siloxane (30 m×0.25 mm, film thickness 0.25 μm) under the following conditions: temperature program: 50 °C for 2 min and raised at 7 °C/min to 250 °C, then held for 2 min, injector temperature was 240 °C, the carrier gas was helium, with a flow rate of 1.2 mL/min, injected volume was 1 μL, with split mode at ratio of 1:50, transfer line temperature was 150 °C, and ion source temperature was 230 °C. Identification of the individual oil components was performed by comparison of retention times and mass spectral data with those of literature data (23, 24) and the Wiley 275.L library (25, 26) .
Insect rearing
T. castaneum adults were cultured on food medium composed of maize and wheat flour. The colony was reared in plastic jars at 26 °C and 60 % humidity in the dark. All experiments were carried out in a climate chamber under the same laboratory conditions.
Bioassay of fumigant activity
The fumigant effect of the three essential oils of Artemisia species and their combinations was evaluated against adults of T. castaneum. Whatman filter paper no. 1 circular discs (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) were cut to 3 cm and placed in the underside of the lid of a 40-mL glass vial, which contained a group of 10 insects. Paper discs attached to the inside top of the container lid were impregnated with different doses of essential oil (25, 50 , 100 and 200 μL/L) and vials were quickly closed. The fumigation test was carried out at 26 °C, with five replications. Percentage of mortality was determined 24 h after the treatment. The fumigation test was divided into two bioassays: the first one was performed at various volume fractions of the oils tested individually and the second one was used to evaluate the synergism/ antagonism among the three species of Artemisia. For this, different mixtures of essential oils were prepared in the same proportion, named AB, AC, BC and ABC, where A is the essential oil of A. absinthium, B is the essential oil of A. campestris and C the essential oil of A. herba-alba. The joint action of essential oil mixture was determined on the basis of probit analysis (27) . The toxicity indices of different essential oils were lethal volume fractions causing 50 and 95 % mortality of exposed insects (LC 50 and LC 95 ). For the toxicity determination of essential oil mixtures, we used the synergistic ratio (SR) model (28):
where SR is 1 for additive effect, SR<1 for antagonistic effect and SR>1 for synergistic effect.
Bioassay for repellency activity
Repellency degrees of the phytochemicals against T. castaneum were evaluated using some modifications of the area preference method (29) . Essential oils in different doses were applied on 9-cm Whatman filter paper no. 1 circular discs cut in half. Tested solutions were adjusted by a dilution of 1, 2, 4 and 8 µL of each essential oil in 1 mL of acetone providing corresponding concentrations of 0.03, 0.06, 0.12 and 0.25 µL/cm 2 . A volume of 0.5 mL of each essential oil solution was applied uniformly to a half filter paper and the second half was soaked with 0.5 mL of acetone using a micropipette (single-channel mechanical micropipette (1000 μL, model DG1120; Labomoderne, Paris, France). All filter papers and control were dried for 15 min. Twenty unsexed adults aged seven days were placed at the centre of the filter paper disc and the number of insects on each half paper was counted after 2 h of exposure. Three replicates were set for each treatment. Percentage repellency (PR) after 2 h of exposure was calculated according to the formula:
where N c and N t were the number of insects in the negative control half and in the treated half, respectively.
Statistical analysis
Statistical analyses were conducted using SPSS software, v. 20.0 (30). Duncan's multirange test was used to assess the comparison between the mean values at p<0.05. The correction using Abbott's formula (31) was applied to correct mortality data for control response. Data from all replicates were used in probit analysis (27) 51 . The type and proportion of various monoterpenoids in the oil are characteristic of the genus and species. The composition of essential oils obtained from the tested Artemisia species in the current investigation showed a significant similarity to previous reports (32-37): the major component of the Tunisian A. absinthium was chamazulene, thujones are similar components from the essential oil of A. herba-alba and β-pinene was found in A. campestris collected from different geographic localities of Tunisia (33) (34) (35) . Moreover, our results were in accordance with those of Riahi et al. (38) who found that the main components of A. absinthium in the semi-arid areas of Tunisia were camphor, chamazulene and bor- nyl acetate. To evaluate the chemotaxonomic significance of the essential oils of the three Artemisia species, a total number of 40 components whose total abundance is more than 1 % were classified in 13 chemical families (Table 1) , which were processed with PCA.
Among the 13 chemical families investigated from the three Artemisia species, the most abundant were bicyclic monoterpenes, followed by menthane monoterpenoids, sesquiterpenoids, acyclic monoterpenoids and the least abundant chemicals were monocyclic monoterpenoids (Fig. 1) . Number in the brackets next to the plant name indicates the total number of identified compounds in its oil, RI=retention index Fig. 2 . Based on this analysis, a higher variability within the essential oils of Artemisia species is observed. First PCA axis explained 75.8 % of the total variance whereas the second axis revealed 24.1 % of the total variance (Fig. 2) . The first principal component separates bicyclic monoterpenes, sesquiterpenoids, acyclic monoterpenoids, naphthalenes, bicycloheptanes and cycloalkenes from menthane monoterpenoids, oxanes, oxolanes, cumenes, benzenoids, ketones and monocyclic monoterpenes. The second principal component distinguishes sesquiterpenoids, acyclic monoterpenoids, oxanes and cumenes from the other compounds.
Menthane monoterpenoids, oxanes, oxolanes, cumenes, benzenoids, ketones and monocyclic monoterpenes distinctly overlap in a separate group in the PCA, represented by A. herba-alba. The other groups overlap and are divided into two subgroups; the first one is represented by sesquiterpenoids and acyclic monoterpenoids, and is related to A. campestris. The second one is made of sesquiterpenoids, acyclic monoterpenoids, bicyclic monoterpenes, naphthalenes, bicycloheptanes and cycloalkenes, and is related to A. absinthium. These findings are in agreement with those cited by Dib et al. (39) indicating that A. campestris collected from four different localities in Southern Tunisia contains a high level of sesquiterpenes.
The results of fumigation bioassay are shown in Fig. 3 . At the two lowest volume fractions, the three Artemisia sp. did not show statistical differences. At 100 μL/L, essential oil from A. herba-alba was more toxic than the other two Artemisia sp. after 24 h of exposure. At the highest volume fraction (200 μL/L), all three Artemisia sp. reached the highest toxic effect. The fumigant toxicity test showed that A. herba-alba was more toxic than the other two Artemisia species. These results were confirmed by LC 50 values shown in Table 2 . In a fumigant test, a dosage of 142.8 μL/L of A. herba-alba was sufficient to kill 50 % of insects after 24 h of treatment, followed by A. absinthium and A. campestris with LC 50 Aromatic plants contain essential oils that are a complex mixture of acyclic and/or cyclic monoterpenoids used in perfume, cosmetic and pharmaceutical industries. Application of essential oils to manage insects and diseases in agriculture is the recently emerging trend (40) . Monoterpenoids have a promising role in pest control due to their acute toxicity N=number of tested insects, SE=standard error of mean, χ 2 =Pearson chi-square value, df=degrees of freedom to insects and their repellent (41) and antifeedant potency (42) . Moreover, among monoterpenes, ketones have higher insecticidal effect than alcohols or hydrocarbons (43) (44) (45) (46) and even among ketones, toxicity may be of varying degrees (47, 48) . The main cause of this variation may be due to either geographical or physicochemical characteristics (49) . Numerous studies have shown the high toxicity of ketones against some stored pests like Sitophilus in fumigant and contact assays (44, 47, 50) . These results show that among the three Artemisia oils, the one from A. herba-alba has the best effect (LC 50 =142.8 μL/L). Such finding suggests that the presence of ketone groups increases toxicity since A. herba-alba contains the highest mass fraction (58.64 %) of ketones (chrysanthenone and 2-undecanone). Other studies revealed insecticidal and repellent effect of terpenes on several stored grain pests, with a much more pronounced effect of ketone (48, 51) . Moreover, A. herba-alba contains more menthane monoterpenoids, among them terpinen-4-ol, which was present only in this species. According to Chu et al. (52) terpinen-4-ol has insecticidal activity against Sitophilus zeamais (Motschulsky). Other researchers reported the effective contact toxicity of A. herba-alba against Tribolium castaneum (18).
In the interest of the improvement of the effectiveness of essential oil as pest management method, combined activities were examined to analyse interactions among the three essential oils. The joint effects of the three oils were assessed by mixtures adjusted at a ratio of 1:1 for binary mixtures and 1:1:1 for tertiary mixtures against Tribolium castaneum adults. In the present study, combinations of Artemisia essential oils exhibited lower insecticidal activity than single oils. The activity did not exceed 60 % of mortality at the highest volume fraction (200 μL/L). Fig. 4 shows that there are no statistical differences among the four combinations tested at four volume fractions, although the toxic effect of all the tested combinations at the highest volume fraction was relatively higher. study, the combination of the three essential oils had antagonist effect, showing that the combined application led to the decrease in insecticidal activity. In agreement with our results, Benelli et al. (54) showed antagonistic insecticidal activity of binary mixtures of Satureja montana and Pinus nigra essential oils against Culex quinquefasciatus. These findings show the importance of testing combined effects of essential oils used as control tools against pests, because positive or negative interactions between major components of the essential oil (alcoholic, phenolic, terpenic or ketonic compounds), minor components and biological activities can occur.
The results of the repellency test of the essential oils from three Artemisia species against Tribolium castaneum are shown in Table 4 . It was found that the three samples exhibited obvious repellent activity towards T. castaneum. There were significant differences in repellency among the tested oils (p<0.05). Both A. absinthium and A. herba-alba oils provided ≥80 % protection for 1 h against T. castaneum at 0.08 µL/cm 2 . After 2 h of exposure, A. absinthium and A. campestris oils showed the highest repellent activity against T. castaneum adults at the same dose. Among the three essential oils, A. absinthium repelled rapidly and strongly at all tested exposure times, while A. herba-alba showed highest repellency by the first hour and its effect declined with prolonged exposure time. Contrary, A. campestris exerted its highest effect by the second hour of exposure. A. absinthium also showed quite promising insecticidal activity with LC 95 of 262.7 μL/L. In terms of repellency, it exhibited the highest effect at 0.08 µL/cm 2 after 1 and 2 h of exposure. The chemical analysis shows that this species contains more bicyclic monoterpenes, bicycloheptanes, cycloalkenes and naphthalenes than the two other Artemisia sp. The above data show that fumigant and repellent activities of A. campestris are the weakest. The results of the repellency bioassay are in agreement with those reported by Jemâa (55) in that a higher repellency was recorded with A. absinthium essential oil than with A. herba-alba against both stored insects, T. castaneum and Oryzaephilus surinamensis. Moreover, previous study has demonstrated the repellent activity of A. absinthium oil against Phthorimaea operculella (56) . Lower or higher amounts of bioactive ingredients in essential The synergistic ratio (SR) shows antagonistic effects of all mixtures (Table 3) , which indicates that oils tested alone have the most toxic effect. It has been known that mixtures of compounds increase the insecticidal effect, because insect sensitivity differs from one compound to another (53) . In our 
CONCLUSION
Artemisia essential oils showed promising effect in protecting the stored grains from Tribolium castaneum attacks. However, the effect varied significantly depending on species and chemical composition of each oil. In general, the strong insecticidal activity of A. herba-alba was associated with a high content of menthane monoterpenoids, whereas A. absinthium exhibited the highest repellent activity, based on its richness of bicyclic monoterpenes. Moreover, we observed that the combination of essential oils did not improve their insecticidal effect. Consequently, chemical composition affects the effectiveness of the desired essential oil or their mixtures. The above findings suggest that A. absinthium and A. herba-alba oils have a potential to be used separately as alternatives to chemical fumigants in the protection of stored cereals. A. herba-alba causes mortality of more than 60 % of insect population at volume fraction of 200 µL/L within 24 h and A. absinthium repel 90 % of insects at the dose of 0.08 μL/ cm 2 after 2 h of exposure. The oils from these plant species may have an interesting potential as natural repellents and insecticides considering their noticeable effects at low applied volume fractions and short times of exposure. However, the evaluation of these activities under industrial conditions is mandatory to prove their practicable application. 
